Metabolite diffusion is expected to provide more specific microstructural and functional information than water diffusion. However, highly accurate measurement techniques have still not been developed, especially for reducing motion artifacts caused by cardiac pulsation and respiration. We developed a diffusion-weighted line-scan echo-planar spectroscopic imaging (DW-LSEPSI) technique to reduce such motion artifacts in measuring diffusion-weighted images (DWI) of metabolites. Our technique uses line-scan and echoplanar techniques to reduce phase errors induced by such motion during diffusion time. The phase errors are corrected using residual water signals in water suppression for each acquisition and at each spatial pixel specified by combining the line-scan and echo-planar techniques. We apply this technique to a moving phantom and a rat brain in vivo to demonstrate the reduction of motion artifacts in DWI and apparent diffusion coefficient (ADC) maps of metabolites. DW-LSEPSI will be useful for investigating a cellular diffusion environment using metabolites as probes.
Introduction
Metabolite diffusion is expected to provide useful information regarding cellular and tissue microstructures and functions, such as cell size, permeability, and intracellular transport. [1] [2] [3] [4] Many studies have used diffusion-weighted spectroscopy (DWS) especially to investigate changes in metabolite diffusion at ischemia 5 -9 and properties of metabolite diffusion that differ from those of water. 10 -15 However, only a few studies have employed diffusionweighted spectroscopic imaging (DWSI). [16] [17] [18] One reason is that an efficient measurement technique has not been developed to obtain highly accurate diffusion-weighted images (DWI) of metabolites. The issues in developing the technique are low signal-to-noise ratio (SNR), long measurement time, low spatial resolution, and artifacts caused by magnetic field inhomogeneity. However, the most challenging issue is to reduce motion artifacts caused by cardiac pulsation or respiration. 17 Such motion during diffusion time induces an imbalance of the diffusion gradients that causes phase errors. The phase errors become much larger when larger bvalues are used for the accurate detection of diffusion of metabolites that is smaller than diffusion of water. The large phase errors hinder accurate phase-encoding and produce ghosting artifacts in imaging. Furthermore, they hinder accurate amplitude summation and cause significant signal loss artifact in signal averaging which is necessary to mitigate the low SNR of metabolite signals. These phase errors depend on spatial location and vary with time, so they are significantly difficult to correct using conventional phase-encoding. Thus, such motion artifacts have not been effectively reduced using proposed diffusion-weighted chemical-shift imaging with 2-dimensional phase-encoding and navigator echo 17 and diffusion-weighted echo-planar spectroscopic imaging (DW-EPSI) that uses echoplanar and one-dimensional phase-encoding. 18 Diffusion-weighted line-scan echo-planar spectroscopic imaging (DW-LSEPSI), which uses echoplanar and line-scan techniques instead of phaseencoding, has been proposed to reduce such motion artifacts and tested by measuring a water phantom but not by measuring metabolite signal in vivo. 19 We have developed a DW-LSEPSI technique for the accurate imaging of metabolite diffusion in vivo. Because there is no phase-encoding, there is no ghosting artifact. The combination of line-scan and echo-planar techniques can specify the location of all pixels on the line for each acquisition to en-able correction of phase errors at each spatial pixel in signal averaging. We applied DW-LSEPSI to a moving phantom and to a rat brain in vivo to acquire diffusion-weighted images and apparent diffusion coefficient (ADC) maps of metabolites. Preliminary reports of this work have been presented. 20, 21 
Materials and Methods

Diffusion-weighted line-scan echo-planar spectroscopic imaging (DW-LSEPSI)
The DW-LSEPSI method we developed uses linescan and echo-planar techniques to acquire spatial and spectral information and diffusion gradients to add diffusion information (Fig. 1 ). The region excited by the ³/2and ³-pulses, having a diamondshaped cross-section, is shifted diagonally, i.e., along the x-direction, shot-by-shot in a short time, which maximizes the SNR per measurement time up to half the SNR using normal slice selection. 22 The reason is that this line-scan technique excites up to half the volume of the slice excited by the normal slice selection in repetition time (TR) like multislice technique. The oscillating readout gradient is used to acquire data along the sinusoidal tra- The excited line by ³/2-pulse and ³-pulse is shifted shot-by-shot at a repetition time (TRw) to acquire spatial information in the x-direction. An oscillating readout gradient is used for the simultaneous acquisition of spatial information in the y-direction and chemical shift information. jectory in the ky-time space. 18 The acquired data is reordered in the ky-time space and is inverse Fourier transformed to obtain both the spatial information in the y-direction and chemical shift information simultaneously. Thus, the spatial locations of acquired pixels can be specified for each shot. A single Gaussian radiofrequency (RF) pulse is used for water suppression to reduce the duration of the line-scan shot. Although conventional spectroscopy/spectroscopic imaging uses multiple Gaussian RF pulses to suppress the water signal efficiently at a wide range of T 1 and flip angle of transmitted RF pulses, a single Gaussian RF pulse is efficient for LSEPSI because the short repetition time of the water suppression pulses (TRw) makes a series of single pulses comparable to multiple pulses. Figure 2 compares suppression rates at TRw =¨and TRw = 250 ms. Shorter repetition time improves the suppression rate at a wide range of T 1 and flip angle. 21 The amplitude of the RF pulse for water suppression is adjusted to retain the water signal for phase correction depending on the duration of the line-scan shot and diffusion weighting. Signal averaging is performed along with phase correction, and the amount of phase correction is calculated to equalize the phase of the residual water signal at each pixel. This mitigates the signal loss induced by phase errors caused by motion.
Experiments: moving phantom and rat brain in vivo
We used a 7-tesla MR imaging unit for small animal study (Agilent Technologies, Inc., USA) equipped with actively shielded gradient coils of 120mm inner diameter capable of producing a maximum amplitude of 400 mT/m within 150 µs, linear birdcage resonator of 70-mm diameter for RF trans-mission/receive and 2-channel surface coil tuned to rat brains for RF receive (Rapid Biomedical, Inc., Germany).
To demonstrate the effectiveness of DW-LSEPSI in reducing motion artifacts, we used a moving phantom and a rat brain in vivo. The phantom was a glass bottle of 20-mm inner diameter filled with 100-mM of N-acetylaspartate (NAA) solution at 24°C. We oscillated the phantom at 110 cycles/ min for a length of 0.3 mm along the z-direction driven by tensing a rubber band and inflating a small balloon using a respirator ( Fig. 3) . We chose the cycle in a higher range of normal respiratory rate not to synchronize with the used TR of 4000 ms described later to enlarge the signal loss by motion. We chose the length to represent visualization of the motion of the loosely fixed rat head. In this phantom experiment, the birdcage resonator was used both for RF transmit and receive.
We employed a male 280-g Wistar rat for in vivo study, fixing the rat's head at 3 points (foreteeth We used a respirator to inflate a small balloon to move the phantom to the right and a rubber band to return the phantom to the left when the balloon was deflated. and both earholes) in a dorsal state using a plastic bar attached on the surface coil. The rectal temperature was maintained between 37.5 and 38.5°C using a warm-water blanket. A mixture of isoflurane and room air was sent by a respirator to the rat head for anesthesia. Remarkably, this experiment was done under free breathing conditions with no tracheal intubation and no gating which easily causes large motion artifacts in conventional DWSI. This rat experiment utilized the birdcage resonator for RF transmit and the surface coil for RF receive.
We compared DW-LSEPSI with DW-EPSI, 18 which uses phase-encoding instead of line-scanning in the x-direction. The measurement parameters for both techniques were: TR, 4000 ms; echo time (TE), 136 ms; spectral bandwidth, 7.24 ppm (128 points); field of vision (FOV) in y, 40 mm (16 pixels); and slice thickness, 2.5 mm. FOV in x was 40 mm (16 encodes) for DW-EPSI and 30 mm (12 lines) for DW-LSEPSI, which equalized their spatial resolutions at 2.5 mm. To equalize the measurement times of both techniques, we utilized numbers of averaging for the phantom experiment were 1 for DW-EPSI and 16 for DW-LSEPSI, and those for the rat brain experiment were 8 for DW-EPSI and 128 for DW-LSEPSI. Diffusion gradients were added in the z-direction, of which duration and interval ¤/¦ = 6/62 ms. We used b-values of 0, 550, 1090, and 1700 © 10 6 s/m 2 for the phantom experiment and 0, 550, 1700, and 3030 © 10 6 s/m 2 for the rat brain experiment. The total measurement times of both techniques were the same, about 4 min for the phantom experiment and 34 min for the brain experiment. DWIs of water and NAA were calculated by cut and sum of the signals along corresponding chemical shift regions for all measurements. We calculated ADC maps of water and NAA by fitting the DWIs to a single exponential decay along the bvalue only for DW-LSEPSI because DWIs showed large motion artifacts in DW-EPSI. Figure 4 shows spectroscopic images of the phantom obtained by both DW-EPSI and DW-LSEPSI. In each spectroscopic image, the graph represents the spectra integrated in the whole spatial region. The x-axis is the chemical shift ranging from 6.24 to ¹1.00 ppm for every graph, and the y-axis is signal intensity normalized by peak water signal for the graphs of non-water suppression, and the y-axis is normalized by a certain value for the graphs of water suppression for easy visualization of the signal decay of NAA with the b-value. The image was calculated by integrating the signal in the selected region of chemical shift shown as a dashed line in the graph. As shown in Figure 4 , good spectroscopic images of the phantom were obtained by both DW-EPSI and DW-LSEPSI at b = 0. Ghosting artifact and signal loss are evident in DW-EPSI when b is larger than 0, but no such artifacts can be seen in DW-LSEPSI. Figure 5 shows spectroscopic images of the rat brain in vivo. In each spectroscopic image, the graph represents the spectra obtained from the selected brain region shown as a white dashed rectangle, and the image was calculated by integrating the signal in the selected chemical shift region shown as a dashed line. The white solid lines represent the calculated outline of the rat head using T 1 -weighted image. Similarly for the phantom result, motion artifacts can be seen in DW-EPSI but not in DW-LSEPSI when b is larger than 0. ADC maps of NAA were calculated for both the phantom and rat brain using DW-LSEPSI but not using DW-EPSI because of the severe motion artifacts ( Fig. 6 ). They show successfully calculated ADC maps, but the maps show slight spatial variance. This variance may result from the diffusion property of NAA and/or measurement error by using DW-LSEPSI. Addition of the diffusion gradient in only the z-direction may cause the ADC of NAA to become smaller in the radial axon near the cortex than in other regions, and insufficient phase correction near the base at larger b-values as a result of the smaller SNR near the base using the surface coil may cause the ADC of NAA to become larger near the base than in other regions. Motion may also be larger near the base from free breathing than that near the cortex because the rat head was fixed on the surface coil in the dorsal state.
Results and Discussion
As shown in Table, the calculated ADCs in the moving phantom at 24°C using DW-LSEPSI were 2.35 « 0.15 © 10 ¹9 m 2 /s for water and 0.72 « 0.04 © 10 ¹9 m 2 /s for NAA, which agree well with previously reported values obtained at 20°C using DWS¹2.00 « 0.05 © 10 ¹9 m 2 /s (water) and 0.85 « 0.05 © 10 ¹9 m 2 /s (NAA) 2 and 2.15 « 0.04 © 10 ¹9 m 2 /s (water) and 0.61 « 0.06 © 10 ¹9 m 2 /s (NAA). 6 The higher ADC of water in our results is attributable mainly to the temperature dependence of the ADC, which is estimated to be about 0.23 © 10 ¹9 m 2 /s between 24 and 20°C. 23 This result demonstrates the improved accuracy in ADC measurement by the reduction of motion artifacts using DW-LSEPSI. The calculated ADC of NAA in the rat brain in vivo using DW-LSEPSI was 0.34 « 0.04 © 10 ¹9 m 2 /s, which seems higher than reported values 0.27 « 0.04 © 10 ¹9 m 2 /s 2 and 0.17 « 0.04 © 10 ¹9 m 2 /s. 6 This may be explained by insufficient reduction of motion artifact at higher b-val-ues using DW-LSEPSI, acquisition of regions by DWSI that are not acquired by DWS, and/or diffusion properties of NAA. The interesting diffusion properties of NAA are non-monoexponential decay along with b-values and dependency with diffusion time 10 -12 and higher diffusion anisotropy. [13] [14] [15] These diffusion properties of metabolites should be investigated further.
Other methods proposed to reduce motion artifacts are diffusion-weighted echo-planar spectroscopic imaging with a pair of bipolar diffusion gradients (DW-EPSI with BPGs) 24 and diffusion-sensitive single-shot proton-echo-planar-spectroscopic imaging (DW-SS-PEPSI). 25 DW-EPSI with BPGs uses a pair of bipolar diffusion gradients to reduce the phase error caused by uniform motion. DW-LSEPSI has an advantage over DW-EPSI with BPGs in non-uniform motion but a disadvantage in nonrigid motion, such as inflating motion. It may be better to select DW-LSEPSI or DW-EPSI with BPGs in accordance with the target motion. DW-SS-PEPSI uses 2-dimensional echo-planar and parallel imaging to acquire whole data in a single-shot. DW-SS-PEPSI may better reduce motion artifacts, but quality of acquired data is limited, perhaps as a result of the high frequency oscillating gradient and reduced SNR in parallel imaging.
DW-LSEPSI also has a disadvantage in SNR per measurement time because the excited line has a diamond-shaped cross-section, and the excited volume is up to half of the normal slice selection. The calculated SNR of DW-LSEPSI was 30% of that of DW-EPSI for the moving phantom at b = 0. Although this SNR reduction is mostly a tradeoff for improved spatial resolution in both the x-and z-directions, loss at the edge of slicing becomes larger when the spatial resolution becomes smaller. Improved SNR requires an excitation pulse with better slice profile. SNR may also be improved using a parallel line scan, which uses parallel excitation of multiple lines simultaneously and parallel imaging to identify excited each line. 26, 27 Using this technique, SNR can be increased along with the ratio of the number of excited lines to a geometric factor. DW-LSEPSI requires further improvements to overcome its disadvantages, but our results suggest it will be a useful technique for investigating spatial information about metabolite diffusion in vivo.
Conclusion
We developed a DW-LSEPSI technique that combines line-scan and echo-planar techniques to obtain accurate diffusion-weighted images and ADC maps of metabolites by reducing motion artifacts, and we compared it with conventional DW-EPSI in experiments with a moving phantom and a rat brain 
